Deciphering the minimum of energy of some walking technicolor models 
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There are quasi-conformal theories, like the Minimal and Ultraminimal Technicolor models, which 
may break dynamically the gauge symmetry of the Standard Model and at the same time are 
compatible with electroweak precision data. The main characteristic of this type of models is their 
fermionic content in one or more higher dimensional representations, therefore it is not immediate to 
know which model leads to the most attractive channel or the minimum vacuum energy state. We 
discuss the effective potential for composite operators for these models, verifying that their vacuum 
energy values are different, with the Ultraminimal model having a deeper minimum of energy. 



The nature of the Higgs boson is one of the most im- 
portant problems in particle physics, and there are many 
questions that may be answered in the near future by 
the LHC experiments, such as: Is the Higgs boson, if 
it exists at all, elementary or composite, and what are 
the symmetries behind the Higgs mechanism. The pos- 
sibility that the Higgs boson is a composite state instead 
of an elementary one is more akin to the phenomenon 
of spontaneous symmetry breaking that originated from 
the effective Ginzburg-Landau Lagrangian, which can be 
derived from the microscopic BCS theory of supercon- 
ductivity describing the electron-hole interaction (or the 
composite state in our case). This dynamical origin of 
the spontaneous symmetry breaking has been discussed 
with the use of many models, being the most popular one 
the technicolor (TC) model Q. 

Unfortunately we do not know the dynamics that form 
the scalar bound state, which should play the role of 
the Higgs boson in the standard model symmetry break- 
ing. Most of the models for the spontaneous symme- 
try breaking of the standard model based on compos- 
ite Higgs boson system depend on specific assumptions 
about the dynamics responsible for the bound state for- 
mation [2|, and the work in this area try to find the TC 
dynamics dealing with the particle content of the the- 
ory, in order to obtain a technifermion self-energy that 
does not lead to phenomenological problems as in the 
scheme known as walking technicolor |31] . These are theo- 
ries where the incompatibility with the experimental data 
has been solved, making the new strong interaction al- 
most conformal and changing appreciably its dynamical 
behavior. We can obtain an almost conformal TC theory, 
when the fermions are in the fundamental representation, 
introducing a large number of TC fermions (np), leading 
to an almost zero /? function and flat asymptotic coupling 
constant. The cost of such procedure may be a large S 
parameter ^] incompatible with the high precision elec- 
troweak measurements. 

TC models with fermions in other representations than 
the fundamental one, like happens in the Minimal [6\ 
(MWT) and Ultraminimal [7] (UMT) TC models, are 
possible viable models without confiict with the known 



value for the measured S parameter, which may be cal- 
culated assuming valid the perturbative expressions for 
such parameter. These models have some phenomeno- 
logical differences Q, although their fermionic content 
is not totally different and it is possible to have even 
more extensions of this type of models J9|. They also 
have a different number of composite scalar particles 
as well as different couplings among themselves |1C| . 

There is a striking difference between models based 
on fundamental or composite scalar bosons. In the case 
of a fundamental scalar boson we just have a scalar po- 
tential with a mass and coupling constant conveniently 
adjustable to provide the correct gauge symmetry break- 
ing of the Standard Model. In the case of a composite 
scalar we do have a gauge theory at some energy scale 
with some fermionic content, and everything should be 
calculable in terms of these quantities, although, due to 
the non-perturbative aspects of the symmetry breaking, 
it is much more difficult to obtain precise evaluations 
of the physical parameters. In this work we will inves- 
tigate another characteristic of these models, which is 
the value of the state of minimum energy (the most at- 
tractive channel), i.e. discover which model leads to the 
tightest bound states. This type of information can be 
obtained with the use of an effective potential for com- 
posite operators [5[, and this is a more involved quan- 
tity to compute when the theory has fermions in several 
(and higher dimensional) representations, because it is 
not just a matter of comparing Casimir operator eigen- 
values as is usually performed for a gauge group with an 
unique fermionic representation. 

In the sequence we introduce the Minimal and Ultra- 
minimal TC models, discuss the fermionic self-energies 
solutions for these models, and compute the vacuum 
energy with these solutions. We also use a standard 
walking (WT) theory (by standard we mean a theory 
with fermions only in the fundamental representation) to 
compare the different minima of energy of these quasi- 
conformal theories. The MWT model is based on a 
SU{2) gauge group with two adjoint fermions [6| 
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where a is the SU{2) adjoint color index and the left- 
handed fields correspond to three {SU{2)l) weak dou- 
blets. The UMT model is based on a two colors group 
with two fundamental Dirac flavors SU{2)l x U{1)y 
charged described by Jsj 
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and also two adjoint Weyl fermions indicated by A' 
with / = 1,2, where these fermions are singlets under 

SU{2)l X C/(l)y. 

The near conformal behavior for these models can 
be observed looking at the zero of the two- loop (3{g'^) 
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function, which is given by I3{g) - 
where /3o = {'^nfh = ^C2(G) 3 
/3i = [fC|(G)-fC2(G)T(i?)nf-4C2(i?)T(i?)nf]. 
Where C2{R)I = TI^Tf^, C2{R)d{R) = T{R)d{G), d{R) 
is the dimension of the representation R and G indicates 
the adjoint representation. It is interesting to compare 
the leading term of the (3 function for the different models 
(indicated respectively by bmi and burm while the one of a 
simple walking TC theory is denoted by 6^). In the case 
of an SU{2) gauge group with 8 Dirac fermions we have 
bw = 2/167r^, while in the Minimal walking model we ob- 
tain the same coefficient with only 2 fermions {bw = bmiY- 
The main difference among these models appears when 
we compute the S parameter whose perturbative expres- 
sion (in the massless limit) is 
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The data requires the value of the S parameter to be 
less than about 0.3. According to the "naive" perturba- 
tive estimate of Eq. ^ this requirement is indeed met for 
MWT (and also for UMT). Early models, with fermions 
only in the fundamental representation, needed a quite 
large np to have a walking behavior, giving a perturba- 
tive estimate of S in contradiction with data. Sannino 
and collaborators have extensively advocated the advan- 
tage of working with higher dimensional fermionic repre- 
sentations. In the Refs.[i4i[ni,[ll walking TC models 
are introduced with the advantage of a small number 
of technifermions and in conformity with high precision 
standard model data. 

In the Ref.(l3| we introduced a very general ansatz 
for the technifermion self-energy that interpolates be- 
tween all known forms of technifermionic self-energy. As 
we vary one parameter (a) in our ansatz for the tech- 
nifermionic self-energy, we go from the standard operator 
product expansion (OPE) behavior of the self-energy to 
the one predicted by the extreme limit of a walking tech- 
nicolor dynamics. The form of this ansatz is reproduced 
below 
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FIG. 1. Leading order contribution to V2{S,D). 



In this expression the standard OPE behavior for ^{p^) 
is obtained when a ^^ 1, whereas the extreme walking 
technicolor solution is obtained when a ^> 0. We identify 
a = bg'^^,, (3 = 7^^ cos(a7r) with 7^^ = J — 3c/167r^5, 
and c is the quadratic Casimir operator given by c = 
5 [C'2(i?i) + C2(i?i) - C2iR3)] ■ C2{Ri) are the Casimir 
operators for technifermions in the representations i?i 
and R2 that condensate in the representation i?3, & is the 
coefficient of the g^ term in the technicolor l3{g) function. 
The TC scale (A^^) is related to the technicolor con- 
densate by (■(/''0)yp « A^^ and we can describe the TC 
scale in terms of measurable quantities and of group the- 
oretical factors of the strong interaction responsible for 
forming the composite scalar boson. In the extreme limit 
of a walking technicolor dynamics we expect to have [14 [ 
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where v ~ 2A6GeV is the standard model VEV. 

The effective potential for composite operators is given 
by the following expression [5| 

V{S,D) = -^ J APTri\nS^'S-S^'S+l)+ V2{S,D), 

(6) 
where S and D are the complete propagators of fermions 
and gauge bosons and 5*0 , I?q , are the corresponding bare 
propagators. The function 1^2(5", -D) is the sum of two- 
particle irreducible vacuum diagrams, which, in the lead- 
ing Hartree-Fock approximation, is depicted in the Figure 
(1). V2{S,D) can be represented analytically by 
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where, for simplicity, we have not written the gauge and 
Lorentz indices, as well as the momentum integrals and 
we represent the fermion proper vertex by F. 

We want to determine the vacuum expectation value 
obtained with the fermionic self-energy that is given by 
Eq.©, when a w 0, for the (MWT), (UMT) and (WT) 
models. However, it is better to compute the vacuum 
energy density, which is given by the effective poten- 
tial calculated at minimum subtracted by its perturba- 
tive part which does not contribute to dynamical mass 
generation [3, [l^ 



{n) = V,r^^n{S, D) - Kn„(S'p, Dp), 
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where we indicate in the expression above the pertur- 
bative counterpart of S and D respectively by 5*^, Dp. 



Model 



WT 


0.21 


MWT 


0.08 


UMT 


0.09 



7F 
8 



27 
40 



7G 

3 

18 
10 



npiD) 

8 
2 
2 



npiW) 



2 



TABLE I. Values for the coefScients a and 7 obtained for 
MWT, UMT and WT models. In this table we denoted by 
npiD) and npiW) respectively the number of Dirac and Weyl 
fermions. 



V,nin{S,D) is obtained substituting Eq.(|4l) into Eq.®, 
assuming a ~ 0. The complete fermion propagator S 
is related to the free propagator by the equation S~^ — 
Sq^ — S, with 5*0 = i/ i>^ and in the chiral limit 8^ = 3^. 
We chose to work in the Landau gauge for simplicity and 
after going to Euclidean space, we find that ilmin = (f^) 
and is equal to[l5j 
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We can still expand ilmi 
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in powers of Y? /p^ , so that 
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To obtain an analytical formula for the vacuum en- 

2 
ergy density we will make the substitution x — >■ -r^ — 

'^TC 

in the Eqs.Q and ((TU)) . and use the following Mellin 
transform ^161] 
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that will simplify considerably the calculation. In this 
Mellin transform we identified n = a and e = A/3. Then, 
after we substitute Eq.Q in to (llOp . and perform the 
integration we obtain for a ~ 0}13j 
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In Table I we show the values of the coefficients a — 
bg^ and 7^, for technifermions in the fundamental rep- 
resentation {i = F) or adjoint (i = G), obtained for the 
MWT model and for a conventional WT model based on 

SU{2)tc- 

In the case of the UMT model we cannot apply 
straightforwardly Eq.([5l), because in this case we have 
two scalar composite bosons, that appear as mixed states 
formed by fermions in the fundamental and adjoint rep- 
resentation. In this model only the lightest composite 
boson, that is mostly formed by technifermions in the 
fundamental representation, is the one that couples to 
the particles of the Standard Model. The UMT gap equa- 
tion has two contributions, one with a Casimir operator 
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FIG. 2. Behavior of ^{Qrnir, 



8-R''in„ 



for the WT (solid 



line), MWT (dashed) and UMT (dot-dashed) models plotted 
as a function of the a parameter. 



for fermions in the fundamental representation and an- 
other with a different Casimir operator for fermions in 
the adjoint representation, while it is the same (3 func- 
tion that governs the running of the coupling in the two 
contributions. 

It is opportune to remember that the gap equation lead 
to different chiral symmetry breaking scales when the 
fermions are in different representations, this has been 
observed, for instance, in QCD with quarks in the adjoint 
representation [17|, where the chiral transition may be 
slightly different from the confinement transition, which 
coincides with the chiral one for fermions in the funda- 
mental representation. We can expect that the masses 
and composite scalar wave functions will show a mix- 
ing but with scales quite close to the TC scale (Atc)j 
therefore in the case of the UMT model we can suppose 
that Atc{UMT) « Atc{MWT); with this approxima- 
tion (i.e. we assume the same scales for the different 
models) we sum the contributions of the two different 
representations of the UMT model in order to compute 
Eq.dHD. 

It is also possible to relate the TC scale associated to 
the standard walking TC model {Atc{WT)) with the 
scale of the minimal model considering Eq.([S]), which 
scale with the term between brackets 
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Based on the above relation we can compute Eq. p2|) for 
all models considering only a single scale( A^p(vi/T)), and 
we can define for SU{2)tc the following quantity 
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The value of Ea. ((Ti|) is plotted in Fig. (2) as a function 
of the a parameter. In this figure the solid line corre- 
sponds to $(r2mi„) obtained for the standard walking 



TC model, the dashed hne represents the corresponding 
result for the MWT model whereas the dot-dashed line 
is the result obtained for the UMT model. 



We have seen that the walking behavior can be ob- 
tained in many ways, for example assuming a large num- 
ber of technifermions in the fundamental representation 
or considering a small number of technifermions in higher 
dimensional representations. In this work we consider 
three different models that lead to the walking behav- 
ior and take the same form for the technifermion self- 
energy. However, analyzing Fig. (2) we verify that these 
three models have different values for the vacuum energy 
density. This result can be understood as follows, as in 
the case of QCD with quarks in higher representations of 
5L/(3)c[l8|, technifermions in higher representations of 
SU{2)tc naturally interact more strongly than conven- 
tional technifermions and therefore lead to the deepest 
state of energy. These models can lead to a similar phe- 
nomenology, that in principle may be tested at the LHC, 
therefore, it is interesting to consider a criterion that 



could be used to select which of these approaches may 
be the most promising to promote the standard model 
symmetry breaking. Sannino and collaborators have ex- 
tensively advocated the advantage of working with higher 
dimensional fermionic representations, in particular, in 
the refs.[iB[ni[l3 are introduced the MWT and UMT 
models with a small number of technifermions and in 
conformity with high precision standard model data. 

In this work we proposed a mechanism to select the 
most probable walking technicolor dynamics assuming an 
energy criterion. We show that the Ultraminimal walk- 
ing TC models leads to a lower value for the minimum of 
the effective potential, or the formation of tightest bound 
states, with the advantage of a small number of tech- 
nifermions. 
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